ABSTRACT In this paper, a renewable energy-based resource allocation method is proposed for full-duplex small cell networks. This method presents an outage-aware power allocation scheme as an optimal transmission policy for a two-way communication system between a base station and user equipment (UE) in one single small cell network, where each node is solar-powered and equipped with a finite capacity battery. A full-duplex (FD) scheduling scheme is presented by utilizing Markov decision process (MDP) action parameters to maximize throughput and minimize outage probability. With two different techniques, scheduling and power transmission, the MDP action sets are formulated to maximize the reward function. Outage probability is investigated by comparing our proposed FD scheme to the conventional half-duplex scheme. Furthermore, the throughput performance of the FD scheme is investigated by varying the scenarios. Finally, the outage probability and throughput performance of the FD scheme are demonstrated, in which the FD scheduling scheme has achieved 87.5 % capacity, and the outage probability is linearly decreased and degraded at 15 dB of SNR. However, with the constraint of a five-meter distance between the UE and interferers, the simulation results show that our proposed optimal transmission policy outperforms the half-duplex system despite dealing with intra-cell interference, inter-cell interference, and limited battery power.
I. INTRODUCTION
The skyrocketing increase o mobile data traffic between 2016 and 2021 [1] , [2] has brought a new challenge for advancement in the wireless communication system, particularly in the deployment of base stations. It is revealed that a hybrid solar-wind energy harvester is an ideal candidate to enable EH-SCNs, as its power consumption is significantly reduced from typical macro base stations [3] . Therefore, the concept of small-cell networks (SCNs) powered by energy harvesting may become a promising solution, as its base stations (BSs) are low-cost and low-powered. In a base station powered only by energy harvesting, the dynamic distribution of energy arrival and depletion during the energy harvesting period [4] has initiated the idea of revisiting power management policies, in order that energy expenditures can be efficiently exploited [5] .
Full duplex operation in small cell networks is proposed with the aim of achieving high throughput with the existing spectrum. Accordingly, FD operations are more practical for small cell deployment due to its small coverage [13] . Moreover, full duplex potential has been recently investigated in [13] - [20] , as it has the potential to double the capacity of wireless communication.
Motivated by the above discussions, in this paper, the fullduplex performance is examined to meet our design goals in terms of throughput and outage probability. A novel OPA (Outage-aware power allocation) scheme is proposed to find the optimal policy for full-duplex operation in small cells powered by EH. By acknowledging the self-interference cancellation capability, small cell capacity is investigated under inter-cell and intra-cell interference. First, Markov decision process (MDP) framework parameters are formulated where in the EH model adopts the data-driven stochastic solar EH model described in [6] , the fading channels between the two nodes are formulated by a finite-state Markov chain as in [6] , the battery capacity is quantized in units of energy quanta, and the system actions perform a full-duplex operation. Through adopting a reward function and utility function MDP, the proposed FD is later compared with HD performance. Second, we employ our novelty in MDP action parameters, wherein the FD set of actions are assigned as a power control for optimal transmission. Third, to get more insight, we exhibit theoretical studies about SNR calculation for FD and HD, wherein the outage is determined by its results along with channel conditions. Finally, in order to analyze realistic throughput performance, the interference from other users is examined by analyzing two-way scheduling in a one-to-one full duplex and one-to-many full duplex, where in only the BS is capable of an FD operation.
The rest of the paper is organized as follows. Section II describes related work, while the system model and problem statement are presented in section III. In section IV, the core principles and ideas of the proposed bidirectional scheme namely OPA is introduced. In section V, the performances of the proposed OPA scheme are evaluated by simulations. Finally, section VI concludes the paper.
II. RELATED WORK
Many studies have pointed out the potential solution of small cell networks powered by energy harvesting (EH) from point-to-point systems [3] , [6] - [8] , two-way communication systems [9] - [12] , to multi-user systems.
Yi et al. [6] obtained the maximum capacity of EH small cells by considering sleep-awake scheduling and large battery capacity. They improved capacity by 25%, which was accomplished at the cost of attempting to keep the small cell in the active state. Moradian and Ashtiani [7] studied energy harvesting-powered BS availability in heterogeneous networks. The uncertainty in BS availability is investigated by using stochastic geometry and the random walk theory.
There has been significant research on optimizing power allocation by utilizing the Markov Decision Process (MDP) [7] - [10] . Moradian and Ashtiani [7] propose dynamic optimal policies whereas EH nodes adjust their transmission powers based on their network information and through Markov Decision Process. Ku et al. [8] presented a real-data record to find the optimal transmission policies for solar-powered sensor nodes to demonstrate more realistic performance. MDP is formulated to adapt its transmission parameters to the changes of channel fading and battery recharge.
EH communications with MDP framework have been studied in two-way communication scenarios [9] - [11] . Wang et al. [9] proposed a power allocation algorithm for transmitters with energy harvesting capability. They maximized the throughput by formulating the stochastic optimization problem as a discrete-time and continuous-state MDP. Huang et al. [10] studied the optimal power allocation for a transmitter with delay-constrained traffic at a constant rate over block-fading channels. The average outage probability over the finite horizon is investigated to minimize the outage probability. Luo et al. [11] applied a non-EH half-duplex relay with EH source nodes and improved the short-term performance of EH communication by applying a relay for a two-hop system. Furthermore, Wei et al. [12] developed a two-way communication with relay for optimizing the longterm outage performance of the EH two-way relay network. With the use of MDP, they set the conditional outage probabilities for cooperation protocols as the reward functions. Finally, they presented an interesting result; however, the expected outage probability converged to the battery empty probability instead of zero.
As outlined in [13] , full-duplex (FD) technology has the potential to double spectrum efficiency without requiring new spectrum. However, as it has been viewed as infeasible due to its self-interference [14] some self-interference techniques have been extensively studied [15] . Several selfinterference techniques in the physical layer have been presented in [16] - [18] .
Sanjay et al. [17] presented a full duplex common carrier operation in resources managed TDMA-type small cell systems with dynamic scheduling. With sufficient cancellation technology on the transceivers, the FD performance with HD performance is compared in terms of throughput and energy efficiency. As a result, they improved the capacity by 69% in the downlink and 81% in the uplink, and with a small penalty in reduced energy efficiency. Assuming FD base stations (BSs) and HD user equipment (UEs) in small cell systems, Sanjay et al. [18] proposed distributed resource allocation. The given practical self-interference cancellation and the operation of the hybrid scheduling policy have shown that the proposed hybrid FD system achieves nearly twotimes the throughput improvement for an indoor multi-cell scenario, and reaches 65% improvement for an outdoor multicell scenario, as compared to the HD system.
Shen et al. [19] investigated the FD throughput performance in the wireless cellular network by considering the scheduling issue on media access control (MAC), where the central base station (BS) works in the time division duplexing (TDD) mode. Finally, the proposed scheduling algorithm has resulted in significant improvement for FD systems on the spectrum efficiency, as compared to the TDD system, which works with the traditional throughout maximization scheduling algorithm. Yun [20] performed power adaptation for utility maximization to enable adaptive FD communication in cellular networks. They designed an intra-cell scheduler to decide the transmission modes of RBs, associated users, and power levels for both downlinks and uplinks.
Motivated by the above-mentioned works, past studies in the EH two-way communication are neglected to consider full duplex capability. In this work, we try to investigate whether full-duplex operation can be completely adjusted to a small cell powered by EH. Presumably, BS with full duplex capability can be optimized by applying the twoway scheduling scheme to MDP parameters. A novel OPA (Outage-aware power allocation) scheme is proposed by utilizing the MDP reward function. Through the reward and utility functions of MDP, the proposed FD is later compared with HD performance. Furthermore, intra-cell and inter-cell VOLUME 6, 2018 interference are considered in this work to investigate FD realistic performance. 
III. SYSTEM MODEL AND PROBLEM STATEMENT
A. SYSTEM MODEL Small cell base stations (BSs) are considered to be capable of FD operation while UEs are limited to HD operation. FD operation provides an uplink and downlink transmission for pair UE at the same time, the scenario is further illustrated in Fig. 1 . Fig.1(a) indicates the TDD scheduling scheme for half-duplex, while Fig.1(b) demonstrates the scheduling scheme for full-duplex. Furthermore, D1 indicates downlink transmission from BS to UE 1 while 1 indicates the number of users. U1 represents uplink transmission from UE 1 to BS with the number of users.
Compared to the half-duplex structure in Fig. 1(a) , where there is only one action at a time, either transmit or receive, the full-duplex structure presents a more complex structure, and there are three actions performed simultaneously. As outlined in Fig. 1(b) , during D1 transmission, U2 also performs uplink transmission to BS. In detail, D1 indicates a downlink transmission from BS to UE 1 , R1 represents a reception for BS to UE 1 , and U2 indicates an uplink transmission from UE 2 to BS. As a result, the FD scheme can perform double capacity than the HD scheme at a transmission cycle.
As depicted in Fig. 2 below, the system network consists of two desired nodes, BS and UE 1 , where a BS can transmit and receive at the same time and be operated by a finite-sized battery. To recharge batteries, both nodes are assumed to employ the energy from the surrounding environment. The link from the BS to UE 1 is defined as forward transmission, and UE 2 to BS as backward transmission. The wireless channel which is assumed to be quasi-static and Rayleigh fading has an average channel power γ 0 and both conditions are known by these two nodes.
As shown in Fig. 2 , a downlink user UE 1 has a d 1 meter distance from its BS, transmitting at power P BS watts. The channel between UE 1 and the BS is given by (h 1 d
where α 1 is the path loss exponent and C 1 = |h 1 | 2 includes shadowing, and the constant factor in the path loss. Meanwhile UE 2 is transmitting on the same channel at power P UE watts which can be considered as the intra-cell interference for UE 1 reception. UE_1 and UE_2 are the inter-cell interference, which occurs due to co-channel interferences from the outside neighboring cell. In addition to the uplink transmission of UE 2 , the self-interference at the BS site can also be considered.
B. PROBLEM STATEMENT
In this work, an OPA (outage-aware power allocation) scheme is proposed to find the optimal transmission policy for FD operation in a small cell network powered by EH. Despite its potential to double the capacity, an FD operation is not a straightforward extension of a half-duplex operation [16] , there are several interference issues that need to be considered. First, the Tx-to-Rx self-interference at the BS which impacts the ability of the BS to demodulate the uplink signal. Second, the interference within a cell from UE 2 's uplink signal which may impact the ability of UE 1 to demodulate its downlink signal [15] . Third, the interference outside the cell occurs due to the co-channel interference from the uplink signals of the other UEs. With the use of the Markov Decision Process (MDP), the set of actions are assigned as FD scheduling and power transmission for both HD and FD scheme. Hence, by determining two-way scheduling in a oneto-one and one-to-many full duplex, the interference from other users is examined. Furthermore, the objective is to find the optimal transmission policy for the FD scheme in order to minimize the long-term average outage probability of the small cell network.
1) HALF DUPLEX
We assume that the received signal y in UE 1 is the aggregation of P BS power received from BS, and N UE1 received noise power at UE 1 where h is the channel between BS and UE 1 . Let β HD be the power coefficient for the HD transmission, which is assigned as an HD power control (PC) and is associated with the MDP's action parameters. The received signal y can be expressed as:
with a half-duplex system, the downlink UE 1 's data rate is denoted as:
where
with given distance d 1 and C 1 = |h 1 | 2 . Hence, the SNR HD can be expressed as:
Initially, a full-duplex scheme is defined as R = 2B log 2 (1 + SINR), where B is the bandwidth of a channel that can be shared for both directions. Considering that in an FD operation the downlink and uplink UEs are scheduled at the same time, by then it might expand the limit by twice the HD scenario. Thus, the data rate UE 1 from BS is expressed as:
With the realization of inevitable interference in the FD operation, power coefficient β FD is proposed as the FD power control (PC) to assure FD transmission. Thus, the signal-tonoise ratio can be written as:
N UE along with I UE , denoted as noise power and interference power, respectively, affect the transmission. The interference power includes intra-cell interference which is the received power from uplink user (UE 2 ), and inter-cell interference from the neighboring cell. The following equation defines the FD capacity by considering both intra-cell and inter-cell interference.
where I intra is the interference within a cell, and I inter is the interference from the other neighboring cells.
Preserving the throughput performance in full duplex, with a d 12 meters distance from UE 2 and the given channel (h 12 d α 12 /2 12 ) −1 , where C 12 = |h 12 | 2 for further calculation, the channel condition is expressed by the following equation:
where (2 (R/2B) − 1) is the fixed target data rate.
Above equations from (5) to (9) also applied to uplink transmission of FD model, where intra-cell interference is considered as the self-interference and the inter-cell interference can be considered from other cells.
IV. MARKOV DECISION PROCESS AND OUTAGE-AWARE POWER ALLOCATION SCHEME A. MARKOV DECISION PROCESS MODEL
A Markov Decision Process (MDP) is employed with the goal of minimizing outage probability. To deal with battery management and FD scheduling in bidirectional communication, MDP action sets are formulated with two different purposes, scheduling and power control. The MDP mainly consists of a state space, action set, state transition probabilities, a reward function, and outage probability. The MDP consists of an agent and an environment that the agent interacts with. As portrayed in Fig. 3 , the interactions happen over a sequence of discrete time steps t; and at each time step t the agent perceives the state of the environment S t and selects an action to perform. The environment reacts to the action by making a transition to a new state S t+1 and returns a scalar reward r t+1 ∈ R. The agent plays a role in maximizing the total amount of rewards received from interactions with its surroundings [8] .
1) ACTION OF TRANSMISSION POWER
In a half-duplex scenario, UE 1 and UE 2 are scheduled in alternating time slots, where each node can only perform one action, transmit or receive. The HD transmission power policy is defined by using an MDP action parameter, as shown below. Table 1 illustrates the HD structure for multiple users, which represents the MDP action. The action number consists of (a 1 , a 2 ) , where a 1 is the set for the specified BS and VOLUME 6, 2018 UE as well as a 2 represents actions. For example, action a 1 = {1, 2} is the set of scheduling for UE 1 and UE 2 while a 2 = {1, 2, 3, 4, 5, 6, 7, 8} is the set of power transmissions for the specified BS and UE. Presumably, an idle mode occurs when a 1 = 0, and the transmission for UE 1 occurs when a 1 = 1. While a 2 = {1, 2, 3, 4} is the set of actions for forward and a 2 = {5, 6, 7, 8} is the set of actions for backward transmission. In the same manner, with the same action number of a 2 , transmission from the BS in both directions, forwards and backwards, will be reserved to UE 2 Meanwhile, Table 2 illustrates the FD structure for multiple users. For a full-duplex scenario, both operations; either BS to UE 1 or UE 2 to BS, can simultaneously perform forward and backward. A downlink transmission between BS and UE 1 means BS sends data to UE 1 , and is considered as forward. While an uplink transmission between UE 2 and BS, when UE 2 sends an uplink signal to BS, is treated as backward. Consequently, the uplink signal from UE 2 affects UE 1 to become an intra-cell interference for UE 1 . Similar to UE 1 , when BS transmits to UE 2 , then UE 1 will perform backward transmission, and its uplink signal becomes an intra-cell interference for UE 2 .
The given set of actions (a 1 , a 2 ) is divided into three set categories, idle mode, transmit mode from BS to UE 1 , and transmit mode from UE 2 to BS. In the first consideration, the action is equivalent to zero (a 1 = 0), and all nodes are in idle mode, while a 2 = * can be ignored. The advantage of this system model is that it can maximize the network capacity with the regular power level. In the second consideration, the action occurs when a 1 = 1. The BS transmits to UE 1 with {a 1 = 1, a 2 = (1, 2, 3, 4)} and receives fromUE 2 at the same time. For UE 2 reception case, the action proceeds when a 1 = 2, where BS transmits to UE 2 with {a 1 = 2, a 2 = (1, 2, 3, 4)} as the set of actions and receives from UE 1 at the same time.
As for the number of actions for a 2 = (1, 2, 3, 4) , each action has a corresponding power that is spent below. For example, when {a 1 = 1, a 2 = 4}, the BS spent 4 levels of power to transmit a packet to UE 1 and spent 1 level of power to receive a packet from UE 2 . As a result, the transmission power for the BS is assigned with the set of actions (1,2,3,4) while set of actions (1,1,1,1 ) is assigned to the reception power of the BS from UE 2 . 
2) THE SYSTEM STATES WITH TRANSITION PROBABILITIES
The outage probability can be minimized by utilizing MDP as the design framework. The MDP is depicted in Fig. 4 , and basically consists of the state space, action set, and state transition probabilities. The state space 
. Considering that the transition probabilities of the channel and battery states are commonly independent along these lines, the transition probability from the current state a 2 ) is defined as:
The definition of each state and its transition probability is revealed in the following section.
3) SOLAR STATE AND STATE TRANSITION PROBABILITY
TheN h -State stochastic EH model in [8] is designated to emulate the evolution of solar EH conditions, which is a real data-driven Markov chain from an exploited solar irradiance data record in Fig. 5 . Therefore in this case, different solar irradiance intensities along with the harvested solar power per unit, P h at the i th solar EH state is taken to be a Gaussian distributed random variable with N (µ i , ρ i ). During duration T, the harvested solar energy is calculated by E h = P h T η, in which and η are denoted as the solar panel area and the energy conversion efficiency parameter, respectively. The unit of energy quantum E u is obtained from the harvested energy which is transmitted and conveyed to the battery, and the random variable Q represents the number of harvested energy quanta. The probability of harvested quanta conditioned in the i th solar EH state is expressed as P(Q = q| S H = i), ∀ i ∈ {0, 1, . . . , ∞} and the transition probability is derived as
The solar irradiance can be classified into several states S H to represent harvesting conditions from poor conditions to excellent conditions. The parameter of the model is defined as = {µ, ρ}, where µ = [µ 0 , . . . , µ (N H −1) ] and ρ = [ρ 0 , . . . , ρ (N H −1) ].
4) BATTERY STATE AND STATE TRANSITION PROBABILITY
The battery is uniformly quantized into several levels in units of energy quantum Q. For S B = k ∈ B, the available energy in the battery is given by kQ. Since the battery state is associated with both the power expenditure of the action it takes and the number of harvested energy quanta, the battery state transition probabilities for the action a at the i − th and j−th solar energy harvesting states to BS and UE are indicated as follows:
• For the First Node (BS):
• For the Second Node (UE):
where Q is the energy quantum, N is the next battery state, and K is the current battery state. Since the overall system is considered to use limited battery power, the transition probability is calculated by considering four conditions.
5) CHANNEL STATE AND STATE TRANSITION PROBABILITY
The instantaneous channel power γ is quantized into N c levels via a finite number of thresholds = 0 = 0 , 1 , . . . , N C = ∞. For S c = c ∈ C, the channel power γ refers to interval [ c , c+1 ]. Presumably, the channel transition is formulated by a finite-state Markov Chain and can only transit from a current state to its neighboring states. Thus, the channel state probability is expressed as:
Where C can be applied to C1, C2, and C12. 
6) REWARD FUNCTION
The reward function is defined as the conditional outage probability of the two-way communication system. Based on Fig. 6 , the received signal y = √ P BS h 1 + N UE + I UE , and the signal-to-noise ratio can be written as SINR FD = β FD P BS |h 1 | 2 (N UE +I UE ) . In that respect, the reward is given by:
with condition on
whereR th is the target rate, N UE is the noise power, c is the channel between BS, UE 1 and UE 2 which can be c1, c2 or c12 and γ th = N UE (2 R th − 1)/q BS a i,j P t is formulated for the backward action. Furthermore, the reward function is calculated by discussing the relationships among γ th , c and c+1 in these three cases:
As an exception, during the idle mode or when the SNRs are sufficiently high, the reward is reduced to:
and
B. OUTAGE-AWARE POWER ALLOCATION SCHEME
The Outage-aware power allocation (OPA) scheme is presented to analyze throughput and outage probability of FD transmission in the small cell network by adapting the MDP actions into transmission power. This scheme is obtained by modifying the MDP action set as a power control for the FD scheme. Employing the FD scheme using a single channel will adequately double the spectrum efficiency, as the same channel is used in both directions.
1) OPTIMIZATION OF TRANSMISSION POLICY
In this section, π (s) : S → A is denoted as a policy which specifies the node transition power action. The main purpose of MDP is actually to find the optional π (s) at state S in order to minimize long term outage probability,
where s 0 is the initial state and γ ∈ [0, 1). The optimal policy can be found through the Bellman equation which can be efficiently solved by executing the well-known value iterations where s ∈ S, m is the iteration index, and the initial value V (0) (s) is set as zero for all states.
V. SIMULATION RESULTS
The simulation results are divided into two parts and discussed in this section. First, the performance of the outage is analyzed by considering different scheduling schemes. Second, the data rate performance of the proposed SE-FDM scheme is investigated. In this section the three schemes are classified into TP-HDM, TP-FDM ideal, TP-FDM practical and SE-FDM schemes.
• TP-HDM (Transmission power -Half-duplex MDP) scheme defines a half-duplex scheme with simple half -duplex action structure (Table 1) and Equation 4.
• TP-FDM Ideal (Transmission power -Full-duplex MDP) scheme presents a full-duplex scheme combined with a full-duplex structure (Table 2) , which represents full-duplex capacity in an ideal manner, and solely doubles the spectrum with no interference power.
• TP-FDM Practical (Transmission power -Full-duplex MDP) scheme presents a full-duplex scheme combined with a full-duplex structure (Table 2) , which represents full-duplex capacity in realistic manner by considering the interference within a cell.
• SE-FDM (Spectrum efficiency -Full-duplex MDP) scheme proposes an actual full duplex transmission by considering the interference power within and outside the cell. The performance of the SE-FDM scheme is divided into two sections. First, the capacity performance of TP-HDM and SE-FDM is compared. Second, the SE-FDM scheme performance is investigated in advance.
The MDP settings for both nodes in our simulations are described below in Table 3 .
TABLE 3. Simulation parameters
The outage analytical results are calculated according to Equation (14) . The numbers of the solar states, channel states and battery states are four, three and six, respectively. The channel is quantized as = {0, 0.3, 1, ∞} with the average channel power θ = 1, and the channel gain is generated using small scale fading. The transmission period is set at T = 300s.
A. OUTAGE PROBABILITY ANALYSIS
This simulation presents the comparison of four schemes, including TP-HDM, TP-FDM ideal, TP-FDM practical, and SE-FDM in terms of outage probability with various scheduling schemes.
FIGURE 7.
Outage probability among all schemes. Fig. 7 compares the outage probability among four schemes from 0 to 25 dB SNR. Overall, it can be seen that the ideal TP-FDM scheme outperforms TP-HDM performance by 1.2 times due to its zero interference and double spectrum. However, TP-HDM scheme demonstrates a favorable outage probability, as it is decreased linearly.
As interference is highly considered in the full duplex scenario, in more realistic manner, the TP-FDM practical scheme and SE-FDM scheme are presented in this simulation by considering interference within a cell and interference outside the cell, respectively. Compared to the TP-FDM ideal, TP-FDM practical scheme shows more reasonable results regarding the crossover on SNR 25 dB. Interestingly, SE-FDM performance starts to degrade at 15 dB due to the increased interference throughout the 15 dB. A significant increase from SNR 15 dB is reasonable due to the intra-cell and intercell interference. Fig. 8 shows that the outage performances are linear with the minimum four battery state, and it is saturated at the two battery state. Although bandwidth and signal power are essential in the network capacity scheme, the power is the most significant resource in renewable energy-based networks. Thus, a power allocation strategy should be applied to a low SNR. After analyzing all schemes with varying battery states from two to six, the SE-FDM scheme with four battery states outperformed the TP-FDM scheme with six battery states. It can be concluded that the MDP not only cooperates with the transmission power policy but with spectrum efficiency as well.
B. THROUGHPUT PERFORMANCE
The data rate performance is investigated by dividing it into six sub-sections. First, the throughputs of FD and HD are thoroughly compared from SNR 0 dB to SNR 50 dB. Second, the throughput is simulated by varying the distance of the interferers. Third, the FD throughput performance is performed by varying the interference location. Forth, the channel capacity of downlink users is simulated with various channel conditions. Fifth, the channel capacity of BS is simulated to compare with the channel capacity of the downlink and uplink users. Finally, the channel capacity of BS is simulated with various interference conditions.
Ideally the full-duplex (SE-FDM) capacity will double the half-duplex (TP-HDM) when they have the same SNR value. However, the full-duplex operation in practical applications increases the aggregate interference on each communication link, which limits the capacity improvement. Thus, the performance between the SE-FDM scheme and TP-HDM scheme shown below is compared in this simulation. 9 shows further details of SE-FDM performance in high SNR compared to TP-HDM. There is a crossover in SNR 40 dB, and the SE FDM scheme degrades due to interference from undesired users, while the TP HDM performance linearly increases. Referring to Fig. 1 a downlink As a result, with an indication of a 3 dB improvement by the SNR, it is concluded the minimum distance allowed between UE 1 and UE 2 is 5 meters. Further, compared to Fig. 9 as an ideal capacity, SE-FDM has reached 87.5% of full duplex capacity.
The following simulation configuration is set to investigate intra-cell interference from multiple users with various locations. In further, BS communicates with UE 1 as desired user and UE 2 as the interferer for UE 1 . The SE-FDM performance is simulated in Fig. 11 fig.10 that the data rate continued to improve steadily from 15 • to 90 • , despite at 15 • the capacity is reasonably low. Meanwhile with the same result, 60 and 90 degree reached a peak of double capacity. As a result, SE-FDM will relatively improve as long as the interference position is at degree 60 and 90 from user.
FIGURE 12. Channel capacity of downlink user (UE1).
The channel capacity is demonstrated in Fig. 12 . In the following simulation, the capacity of downlink user UE 1 during FD transmission with other channels is compared. According to Fig. 2, C1 is a channel between BS and UE 1 , C2 is a channel between BS and UE 2 , C12 is an interference channel between uplink user UE 2 and downlink user UE 1 during FD transmission. UE1+i is an inter-cell interference toUE 1 in a neighboring cell, where UE1+2i represents two inter-cell interferences to UE 1 in another neighboring cell, UE1+all interferers is a channel capacity of downlink user UE 1 during FD transmission by considering intra-cell interference and inter-cell interference. Adopting practical design parameters from [17] , BS capacity is simulated in Fig. 13 by assuming it has 81% self-interference cancellation. BS capacity is generally the summation of C1 and C2, and channels for UE 1 and UE 2 , respectively. In this simulation, BS capacity is compared to various interference powers. First, BS capacity with a self-interference scenario [17] is considered. Second, BS capacity performance is caused by intra-cell interference. Third, both intra-cell and inter-cell interference BS capacity performances are considered. As shown in Fig. 13 , compared to inter-cell interference, intra-cell interference significantly degrades capacity performance. Furthermore, the summation interference of inter-cell interference remains constant until SNR-25-dB.
VI. CONCLUSIONS
In this work, the optimal transmission policy for minimizing outage probability and maximizing throughput full-duplex operation in small cell network powered by EH is proposed. First, through the Markov decision process (MDP) framework, the action parameters are formulated for FD scheduling and power transmission. Then, theoretical studies about SNR calculation for both FD and HD are analyzed. In order to analyze throughput performance more realistically, intra-cell and inter-cell interference are both examined. As a result, the FD outage probability is found to be linear at a low SNR. It starts to degrade at SNR 15 dB and saturates at a high SNR with a low battery level and low solar panel size. Further, an 87.5% capacity of the full-duplex scheme is utilized with minimum distance allowed between the interfering and affected users of 5 meters. The simulation results demonstrate that FD operation outperforms HD operation, despite dealing with intra-cell interference, inter-cell interference and limited battery power. 
